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ABSTRACT

How do the continents affect large-scale hydrological cycles? How impor-
tant can one continent be to the climate system? To address these questions, five
years of National Aeronautics and Space Administration (NASA) Terra Moder-
ate Resolution Imaging Spectroradiometer (MODIS) observations, Tropical Rain-
fall Measuring Mission (TRMM) observations, and the Global Precipitation Cli-
matology Project (GPCP) global precipitation analysis, were used to assess the
land impacts on clouds, rainfall, and water vapor at continental scales. At these
scales, Empirical Orthogonal Function (EOF) and continentally averaged analy-
ses illustrate that continents as an integrated component enhance the seasonality
of atmospheric and surface hydrological parameters. Specifically, the continents
of Eurasia and North America enhance the seasonality of cloud optical thickness,
cloud fraction, cirrus fraction, rainfall, and water vapor. Over land, both liquid
water and ice cloud effective radii are smaller than over oceans, primarily be-
cause land has more aerosol particles. In addition, different continents have
similar impacts on hydrological variables in terms of seasonality, but differ in
magnitude. For example, in winter, North America and Eurasia increase cloud
optical thickness to 17.5 and 16, respectively, while in summer, Eurasia has much
smaller cloud optical thicknesses than North America. Such different land im-
pacts are determined by each continent’s geographical condition, land cover, and
land use. These new understandings help further address the land-ocean con-
trasts on global climate, help validate global climate model simulated land-
atmosphere interactions, and shed light on interpreting the different climate

change signals over land versus ocean.



1. Introduction

Land is known to have a larger global surface-warming signal (NRC 2000;
Jin and Dickinson 2002; Jin 2004) than oceans. Most likely related to such surface
temperature change, the Northern Hemisphere snow cover decreases and annual
land precipitation increases at mid- and high latitudes, corresponding to an in-
crease of total cloud cover and water vapor (IPCC 2001, p. 30, and references
therein). These observations imply that land affects and responds to global cli-
mate change differently than oceans. With use of recently available satellite ob-
servations, this study examines the land impacts on clouds, water vapor, and
rainfall, with a special focus on the continental scale.

Studying land impacts at continental scales is essential, since land-ocean con-
trasts on surface temperature partly determine surface circulation (Rasmusson et
al. 1993), which in turn modifies the atmospheric 3-cell circulation and conse-
quently affects the displacement of large-scale clouds and rainfall systems
(Bjerknes 1966; Wallace and Patton 1970; Lau 1982; Holton 2004; Wallace and
Hobbs 2006). Because of its lower heat capacity than water, land warms up more
rapidly during summer through radiative heating than does the surrounding
ocean (Chen 2003). This results in a secondary circulation with landward wind
at lower altitude and oceanward wind at higher altitude, a maintenance mecha-
nism of the summer monsoon system (Chen 2003; Wallace and Hobbs 2006).
Many studies of land impacts on clouds and rainfall have been at local (e.g., ur-
ban) or regional (e.g., deforestation) scales. For example, land use and land cover
prove to be one of the dominant forces for local and regional climate change
(Henderson-Sellers et al. 1988; Shuttleworth et al. 1991; Sud et al. 1996). Studies
show that urbanization modifies nearby rainfall intensity, duration, and peak

time (Shepherd and Burian 2003) and changes surface temperature, aerosol, and



JIN AND KING: LAND-SEA CONTRASTS AT CONTINENTAL SCALES 2

cloud features (Landsberg 1970; Oke 1982; Jin et al. 2005a,b). Nevertheless, the
integrated impacts of land as a continent, which should more significantly affect
global energy and water cycles, are under-studied (Lawford et al. 2005). How
land differs from ocean on continental scales is an important question that needs
to be addressed in order to fully understand land-ocean-atmosphere interactions.

Covering about 70% of the Earth’s surface, clouds reflect shortwave radia-
tion and absorb and emit longwave radiation (Hartmann et al. 1992). Therefore,
the role of clouds in the Earth’s climate system cannot be overestimated (Ara-
kawa 2004). ISCCP data for 1982-1996 showed that 64% of the globe is covered
by clouds, while only 54% of the Northern Hemisphere land, 53% of the South-
ern Hemisphere land, 66% of the Northern Hemisphere ocean, and 70% of the
Southern Hemisphere ocean are covered by clouds. A slight difference in day-
time and nighttime cloudiness was also detected (Hahn et al. 1994). With the ad-
vent of the multispectral and high spatial resolution MODIS instrument on Terra
and Aqua, these newer observations show that the globe is generally 68-70%
covered by clouds, depending on satellite. Unfortunately, clouds are the major
uncertainty in model response to climate forcing (Cess et al. 1989). Accurate
measurements of cloud properties including cloud optical thickness, cloud parti-
cle size, cloud cover, and cloud spatial, vertical, and temporal distribution are
highly desired.

Although a tremendous number of studies have been done on clouds and
cloud feedback in the climate system (see reviews of Wielicki et al. 1995; Soden et
al. 2004; Stephens 2005), analyzing new observations from a new viewpoint is
still needed. The new observations used here are the recently available National
Aeronautics and Space Administration (NASA) Terra Moderate Resolution Im-
aging Spectroradiometer (MODIS) observations, that provide cloud optical and

microphysical properties during the daytime and cloud physical properties and
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water vapor information both day and night (King et al. 2003, Platnick et al.
2003). The four times per day measurements obtained from Aqua and Terra re-
veal diurnal and semi-diurnal information, a piece of information critical for sur-
face energy budget and model validation (Dai et al. 1999, Jin 2000, Wood et al.
2002, Tian et al. 2004). In addition, effective radius is one of the most critical
cloud microphysical variables that is needed for cloud parameterization in cli-
mate models (McFarquhar et al. 2003). MODIS-provided effective radius for lig-
uid water and ice clouds, for the first time, makes it possible to assess the global
distribution of this variable and to examine the contrast between land and ocean.

The characteristics of the climate system depend on the temporal and spatial
scales at which they are examined. For example, cloud optical thickness shows
significant differences when it is averaged over the globe, Northern Hemisphere,
North America continent, US East coast, and local scale (New York City), as
shown in Figure 1. In general, the larger the spatial scale, the less variable is the
cloud optical thickness. Global and hemispheric scales present very similar fea-
tures, viz., both have small but still evident seasonal variations. From
continental to local scales, large seasonal variations occur, with considerable in-
terannual variability. Clearly, at continental scales, clouds have unique charac-
teristics that warrant further analysis.

MODIS observations, like any other observations, have uncertainty. Never-
theless, to most effectively take advantage of these data sets, we are placing ma-
jor attention on the spatial and temporal patterns and differences rather than on
absolute values over one given pixel at one particular time. More intercompari-
sons with other datasets such as ISCCP and CERES are ongoing, but reporting
those results is beyond the scope of this paper.

Since clouds, water vapor, and rainfall are closely related to one another, to

study land continental impacts on the hydrological cycle, these three variables
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are best examined simultaneously. Based on such philosophy, this paper makes
extensive use of MODIS observations, combined with the Tropical Rainfall
Measuring Mission (TRMM) and Global Precipitation Climatology Project
(GPCP) global precipitation analysis, to examine monthly cloud, water vapor,
and rainfall seasonal and interannual variations for providing a better under-
standing of land continental impacts on atmospheric hydrological variables. In
particular, we try to address the following questions:
(a) What are the observed geographical distributions of water vapor, rainfall,
cirrus fraction, cloud optical thickness, and effective cloud particle size?
(b) What are the continental average values for these variables over given re-
gions and seasons? What are the maxima and minima of these variables
on continental averages?
Section 2 describes the datasets and background information used for our
analysis of water vapor, clouds, cirrus fraction, and rainfall retrieval. Section 3
discusses results, and is followed by a section of final discussion and remarks

(Section 4).

2. Data

Five years (April 2000 to April 2005) of cloud properties, including cloud op-
tical thickness?, cirrus fraction, water vapor, and effective radius for liquid water
and ice clouds measured by MODIS (Gao et al. 2002; King et al. 2003; Platnick et
al. 2003; Seeman et al. 2003) were used in this study. MODIS uses infrared bands

to determine cloud physical properties related to cloud top pressure and tem-

3 Cloud optical thickness is a dimensionless integral of the extinction coefficient
along a vertical path through the cloud. It is determined by liquid water path and effec-
tive radius. Liquid water path is the weight of liquid water droplets in the atmosphere
above a unit surface area on the earth (g m2). Effective radius is the ratio of volume to
area of cloud drops or ice crystals integrated over the cloud particle size distribution.
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perature, and visible and near-infrared bands to determine cloud optical and mi-
crophysical properties. Nakajima and King (1990) showed that the reflection
function of clouds at a non-absorbing band in the visible wavelength region (e.g.,
0.66 um) is primarily a function of cloud optical thickness, whereas the reflection
function at a liquid water (or ice) absorbing channel in the near-infrared (i.e., 1.6
or 2.1 ym) is a function of cloud particle size. This algorithm, together with ex-
tensions to distinguish between liquid water and ice clouds and to consider re-
flection by various underlying surfaces, including snow and sea ice (King et al.
2004), has been incorporated into the operational MODIS retrieval algorithm.
MODIS gives cloud effective radius (re) in two thermodynamic phases, viz.,
liquid water (rew) and ice (7ei). The cloud liquid (and ice) water path is calcu-
lated from the product of the retrieved cloud optical thickness (t¢) and effective
radius re, after allowing for the different densities of liquid water and ice parti-
cles.

The MODIS-derived atmospheric profiles product (King et al. 2003; Seemann
et al. 2003) is produced using 12 infrared bands with wavelengths between 4.47
and 14.24 ym, and includes atmospheric profiles of atmospheric temperature and
moisture layers, total column ozone, and total precipitable water. Of particular
interest to this study is the water vapor in the total atmospheric column, which
has important applications to climate studies.

Corresponding monthly mean rainfall measurements from TRMM (Simpson
et al. 1988) and GPCP microwave and geosynchronous satellite analysis (Adler et
al. 2003) are used to show the different features of surface precipitation over dif-
ferent continents. Specifically, we analyzed land rain gauge data originally pro-
vided by the Global Precipitation Climatology Center (GPCC). The spatial reso-
lution of the satellite precipitation data is 1° x 1° for TRMM and 2.5° x 2.5° for
GPCP.
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3. Results
a.  Cloud Optical Thickness

Cloud optical thickness (t.) varies across the globe and has evident seasonal-
ity (Figure 2). The optically thickest clouds are present over land rather than
over ocean, in particular over western Eurasia, east Asia, and southeastern South
America. The cloud optical thickness over these areas is about 30 all year
around. The minimum . (< 10) occurs over ocean regions related to subtropical
subsidence. In addition, other regions, including eastern North America, have
large 1 up to 30 during winter months (cf. November-February). No satellite
observations are available for Greenland during winter months because the satel-
lite algorithm requires reflected sunlight, but large t. values are observed in Sep-
tember, October, February, and March.

Globally averaged cloud optical thickness over land is larger than that of
ocean, with values ranging from 12-15 for land but only 11-13 for ocean (Figure
3a). Larger t. corresponds to more reflection or scattering of shortwave down-
ward solar radiation, and results in less surface insolation. In addition, land has
more evident seasonality than ocean does. The peak 1. of land occurs in October
2000-2002 and in November 2003. Continental-wide averaged t. for North
America, Eurasia, and the whole Northern Hemisphere (poleward of 70°N is not
included) is shown in Figure 3b, further proving that land has larger t. than
ocean. Furthermore, each continent has distinct seasonality and magnitude. For
example, North America has higher t. than Eurasia. Both Eurasia and North
America have peak 1. during winter seasons (November-February), while North
America has its minimum t. in March and Eurasia has its minimum in July or
August. Finally, Eurasia has relatively noisier seasonal and interannual varia-
tions than North America.

Clouds result from large-scale dynamics as well as local convection. There-
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fore, analyses over different regions serve to illustrate what region, with corre-
sponding dynamical or thermodynamical systems, contributes most to the conti-
nentally-averaged seasonality observed in Figure 3. Figure 4 shows that zonally-
averaged t. over 0°-10°N and 30°-40°N have the largest differences among land
and ocean surfaces. For 50°-60°N latitude zone, land t. are larger than the cloud
optical thickness of ocean regions. Although all zonal bands have distinct sea-
sonality, they are different in many details. First, the amplitude of seasonality
(peaks minus minimum values) is different. The smallest seasonality occurs in
20°-30°N and the largest seasonality in 50°-60°N. Second, low latitudes (0°-10°N,
10°-20°N) have peak values of t. in July and minimum values during January-
March, but high latitudes (40°-50°N, 50°-60°N) have peak 1. occurring in January.
In addition, high latitudes have much larger T than low latitudes do. For exam-
ple, 50°-60°N has the minimum T of 12-14 in April and a maximum 7. of 20-24 in
January. Over the Northern Hemisphere, the lowest zonal . occurs in 10°-20°N
during the wintertime, with a value only 5.5 for both land and ocean in January
2001, March 2002 and March 2003. These features are determined by the differ-
ent climate systems in subtropical and mid- and high latitudes.

Figure 5 shows the probability density function (PDF) of cloud optical thick-
ness for July 2005, both over the entire globe (Fig. 5a) and over the Northern
Hemisphere (Fig. 5b). Although Fig. 5 pertains only to July 2005, other years
have been examined and they show similar features. Globally, the probability
density function of cloud optical thickness over the land has a larger spread and
peaks at a higher optical thickness than clouds over the ocean. For example, the
peak probability for clouds over land occurs at t. = 16, whereas the highest prob-
ability for clouds over the ocean occurs at t. = 12 (Figure 5a). In addition, ocean
clouds have a very low probability of occurring when the optically thickness is

large (tc > 20). On the other hand, land clouds have a reasonable probability of
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occurring up to tc ~ 25. In general, ocean clouds are less variable in cloud optical
thickness than land clouds. This suggests that for this month, on the global scale,
land has more optically thick clouds than oceans do. Similar features occur for
the Northern Hemisphere alone (Fig. 5b), suggesting that at the hemisphere
scale, land has more optically thick clouds than land.

Interannual variations of cloud optical thickness can be well illustrated using
PDF (Figure 6a). For all Julys from 2000 to 2004, PDFs of t. have almost identical
shape, with the peaks at t. around 16, steady increase at relative thin clouds (tc
<16), and decrease at thicker clouds (t. >18). In all these Julys, PDF abrupt de-
creases for thick clouds end (tc > 22). Over oceans, all the Julys have similar
shapes (Figure 6b). Figure 6 suggests that for global scale average, the cloud op-
tical thickness does not change much. This result would be very helpful in vali-
dating model simulations.

Figure 7 shows the standard deviation of cloud optical thickness for liquid
water and ice clouds for July 2004, where Fig. 7a pertains to liquid water clouds
and Fig. 7b to ice clouds. These results show that the largest values of the stan-
dard deviation of t. occur over land for liquid water clouds (>15), with the
maxima of 30 over southern South America. Desert regions have small standard
deviations in t. in part because of the low overall occurrence of cloud and the
generally small optical thickness of these clouds when they occur. Similarly, the
standard deviation of ice clouds is even higher over land than liquid water
clouds, with values above 15 over 67% of all land surfaces. This means that ice
clouds have much more temporal heterogeneity. Oceanic ice clouds have high

temporal heterogeneity as well, especially in the Intertropical Convergence Zone.

b. Cloud Fraction

Figure 8 shows that at mid-latitudes (30°-60°N) oceans have much high
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cloud fraction than land. The fraction over ocean is 0.7-0.9, whereas over land it
is 0.5-0.6. Low cloud fraction occurs over subtropical subsidence regions where
most deserts are located. More statistical differences in cloud fraction between
land and ocean can be seen by examining the probability density functions in
Fig. 8c. Land clouds occur the most often between 0.5-0.7 with the minimum
occurring at a cloud fraction of 0.1, primarily associated with the desert regions
of the globe. Ocean clouds, on the other hand, have their highest PDF at 0.9-0.95.
Ocean cloud fraction probability linearly increases from a cloud fraction of 0.2 to
0.9, whereas land has a more Gaussian distribution of cloud fraction.
Furthermore, zonally averaged cloud fraction also presents distinct charac-
teristics for ocean and land regions of the globe. First, land has larger seasonal
variations than ocean regions. Figure 9a shows, once again, that the range of
cloud fraction is smaller over the ocean (0.67-0.71) than over the land (0.48-0.61).
The globally averaged ocean from 2000-2004 is 0.693 over the ocean and 0.536
over the land. Note in 2005 that the cloud fraction over ocean dramatically in-

creases, the reason for which is currently under investigation.

c.  Effective radius

Figure 10 shows the geographical distributions of cloud effective radius for
liquid water clouds (rew) and ice clouds (rei), averaged from April 2000 to July
2003. The overall pattern between rey (Figure 4a) and 1. are very similar. For
liquid water clouds, the maximum drop size occurs over the western tropical Pa-
cific warm pool region, where large evaporation associated with large sea surface
temperature exists. Both land and ocean have large rey variations with the
minimum as low as 5 ym and the maximum monthly mean up to ~22 ym in the
tropical oceanic regions. In general, oceans have larger values of ey and rela-

tively moderate variations, whereas land surfaces have smaller values of ey be-
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cause land regions have more aerosols from dust, biomass burning, or urbaniza-
tion that serve as cloud condensation nuclei (CCN).

In contrast, for ice clouds, the particle size has relatively small differences be-
tween land and ocean regions, with particle sizes typically 2 ym larger over

oceans than over land (Figure 10b).

d. Cirrus

Similar to T, cirrus fraction varies across the globe and has evident seasonal-
ity (Figure 12), with maximum occurring over the Tibetan plateau region. Low
values are observed over subtropical subsidence and North Pole regions where
low humidity and low temperature are present. A maximum of ~0.8 occurs over
the Antarctic continent in the Spring and Summer months (September—
February), and Greenland and North America in March and April related to the
transition time period. The Andes Mountains of South America have high cirrus
fraction all year around. In general, land has higher cirrus fraction than ocean.
For example, Asia has a cirrus fraction around 0.5 in all months, whereas most
ocean regions have cirrus fraction <0.3 in the tropics and subtropics.

At continental scales, land enhances the amplitude of the annual cycle of cir-
rus fraction by about 50% (cf. Figure 13), since the Northern Hemisphere ranges
from 0.35-0.45, but North America ranges from 0.35-0.60 and Eurasia from 0.27-
0.5. Specifically, the seasonality of cirrus fraction is clear for both continents with

minima in July and August and maxima in March and April.

e.  Water vapor

Globally, land has persistently lower water vapor amounts than ocean re-
gions (Figure 14a). Water vapor ranges from 2.0 to 2.7 cm for global ocean and
from 1.3 to 2.4 cm for global land. This may be because oceans have adequate

supplies of liquid water at the surface and thus should have maximum evapora-
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tion. Nevertheless, water vapor here is column integrated precipitable water,
which is determined by surface as well as atmosphere temperatures, dynamics,
and surface sources of water (Randel et al. 1996). In addition, continents can dif-
fer from one other in their water vapor content (Figure 14b). Eurasia has nearly
the same water vapor content as North America. In July, both continents hold
more water vapor than they do in January. The different relationship of land and
ocean water vapor between Figures 14a and 14b, namely, globally land has less
water vapor than oceans but for specific continents (Eurasia and North America)
land has lower amounts of water vapor than the global mean land. This suggests
that other continents may be much moister and thus enhance the land-averaged
water vapor column amount.

To examine all continents, Figure 15a shows the MODIS-derived global dis-
tribution of column water vapor, which varies dramatically over land and ocean.
In general, because water vapor is a function of surface temperature, zonal de-
creases from the moist tropics to the drier Polar Regions are evident. Equatorial
regions have higher water vapor because of high surface temperature and ade-
quate water supplies of water from the surface. Greenland, the Tibetan plateau,
and the Andes Mountains have minimum water vapor because of low tempera-
ture in the atmosphere that can thus hold little water vapor. The Saharan Desert
and neighboring Arabian Peninsula have small water vapor content because little
water can be transported and held in these hot desert regions. Evident seasonal
changes of water vapor over the globe are observed in Figures 15a and 15b. In
January, land over the Northern Hemisphere has uniformly smaller water vapor
(~0.5 cm) because of the cold land and atmospheric temperature at that time of
year. In addition, the maximum centers of water vapor have shifted south in
January, which is related to the seasonal variation of solar illumination.

The probability density function of water vapor over global land and ocean



JIN AND KING: LAND-SEA CONTRASTS AT CONTINENTAL SCALES 12

regions is presented in Fig. 15c for all Julys from 2000-2005. In July, the global
ocean has the highest probability of having precipitable water of 1 cm, namely,
the most frequently occurring total column water over oceans is 1 cm. Neverthe-
less, the frequencies of other values of total column water vapor are almost
equally likely to occur, from 0 to 4.5 cm. Land surfaces appear to have larger
variability in this variable, from very low values over high and dry ‘desert’ re-
gions of Antarctica, Tibet, and Greenland, to a secondary peak at 1.5 cm.
Comparing the PDF over global land and ocean suggests that oceans generally

have larger total water vapor, partly due to adequate surface moisture supply.

f. Rainfall
A study of land impact on the atmospheric hydrological cycle would not be
complete without examining rainfall, as water vapor, clouds, and rainfall are
closely related to one other. Figure 16 shows two monthly mean rainfall accu-
mulation images for January and July, respectively. Ocean regions generally
have larger rainfall than land regions in tropical and subtropical areas, but such
differences are further complicated by land cover evapotranspiration. For exam-
ple, Amazonian forests have significantly more accumulated rainfall than nearby
oceans because of the strong evapotranspiration and local convective activity.
At continental scales, seasonality of rainfall is significant (Figure 17). In
July, both Eurasia and North America have much larger rainfall than they do in
January. Nevertheless, North America seems to have its peak in September in-
stead of July as in Eurasia. In addition, both continents differ from each other in
terms of absolute values of accumulated rainfall. For example, in January 2001,
North America had 40 mm of rainfall while Eurasia had only 20 mm, a 50% de-
crease in continental average. Such differences must be related to both large-

scale dynamics as well as local land cover mechanisms (Jin and Zhang 2002).



JIN AND KING: LAND-SEA CONTRASTS AT CONTINENTAL SCALES 13

Note that rainfall for the Northern Hemisphere in Figure 17 is based on GPCP
rain gauge station data and is only over land and islands. Therefore, the ocean
effects cannot directly be included in this figure. Nevertheless, this figure exam-
ines the seasonal variation of rainfall for land surfaces and suggests inter-

relationship between rainfall, clouds, and water vapor.

8. EOF Analysis

An Empirical Orthogonal Function (EOF) approach reveal the underlying
patterns in the data that can therefore be linked with physical processes. This ap-
proach has proven insightful to decompose multi-year satellite observations into
several spatial patterns (so-called principal components) and corresponding
time-series. Examples of using EOF analyses on large-volume observations can
be found in analyses of land surface skin temperature (Jin et al. 1997), convective
clouds and precipitation using ISCCP-B3 data (Vuille and Keimig 2004), surface
wind speed (Ludwig et al. 2003), and tropical disturbances (Fraedrich et al. 1997).
Readers who need more detailed information on the EOF approach can refer to
the pioneering papers of Lorenz (1956), Kutzbach (1967), Hardy (1977), and
Ludwig and Byrd (1980). These EOF studies prove that EOF analysis is very
valuable for identifying the most important, independent modes of one variable
and its diurnal, seasonal, and interannual variations (Wilks 1995). In this paper,
we present EOF analyses to show the important spatial and temporal modes of
clouds and water vapor from MODIS observations.

Figure 18a is the 1* principal component (EOF1) of the 5 year MODIS cloud
optical thickness. We remove the missing value regions (poleward of 60°N and
60°S) in the figure in order to reduce the noise of the result. Most importantly,
EOF1 explains 67.3% of the total variance. Corresponding time series illustrate

that EOF1 represents the seasonal variations of cloud optical thickness. Because
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the absolute value of the EOF spatial pattern is not meaningful, we normalized
the global map to the range +1 to —1. The normalized value therefore shows the
relative importance of each area, and the sign shows whether the variation of
each grid is consistent with others. EOF1 shows the similar phase (positive sign)
over east coast and northwest coast of USA, Europe, southeast China, Australia,
southern Africa, and the cerrado of Brazil. Meanwhile, northern South America,
Equatorial Africa and the region from 120°E, 40°N toward the northeast of China
have negative signs. These patterns of clouds are consistent with monsoon pat-
terns over land (Lau 1982, Zeng et al. 2004). With respect to land vs. sea differ-
ences, it is evident that larger values are over continents, namely up to +0.8, than
over oceanic regions at the same latitudes. Therefore, we refer to this pattern as
“clouds” monsoon pattern.”

EOF2 explains 12.6% of the total variance. EOF2 is interesting because it
clearly reveals the ITCZ-related pattern: the long, persistent cloud system that
crosses the central and eastern Pacific and Atlantic Ocean around 5°-10°N. Ac-
companying this ITCZ cloud system is the opposite-signed maxima to the south.
In the Northern Hemisphere, the northwestern United States has an opposite
sign to the middle of the US, as does Eurasia. EOF3 explains 6.1% of the total
variance (not shown). Two features are noticeable: one is the ITCZ-related cloud
system and its accompanying opposite-signed system observed in EOF2. An-
other is that the whole map is rather noisy, implying that EOF3 component may
not be physically meaningful.

To remove the dominant seasonal pattern shown in Fig. 18a, we also con-
ducted EOF analysis for summer months only (not shown). Namely, we sam-
pled June, July, and August for the five years (2000-2004) to build one time series,
and applied EOF analysis to these summer months. In this summer case, EOF1

explains 74.5% of the total variance, and EOF2 explains 13.0% of the total vari-
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ance. The ITCZ related pattern is very evident along the Equator and

northwestern United States.

h.  Land Cover

Figure 19 shows that different land covers correspond to different cloud
properties. Global tropical forests have cloud optical thicknesses significantly
differ from crops, whereby the tropical forests more frequently experience opti-
cally thick clouds (t. > 14) while crop surfaces frequently experience less opti-
cally thick clouds (tc < 10). Clearly, land surface-biosphere interactions, as one
sub-component of the climate system, interact with the atmosphere and affect
cloud coverage and optical properties and, in turn, the land-biosphere system
also responds to atmospheric conditions through surface energy and water bal-
ances. Tropical forest has higher evapotranspiration as well as deep convection,
inducing higher and optically thicker clouds. By contrast, global crop regions,
largely distributed northward of tropical forests, have convection that is less vig-

orous than tropical forests, and consequently, induces less optically thick clouds.

4. Discussions and Remarks

This paper provides a prototype application of using MODIS and other ob-
servations to better understand land-atmosphere interactions. Analyses of the
land impacts on clouds, water vapor, cirrus fraction, and rainfall at continental
scales from 2000 to 2005 illustrate that land enhances the seasonality of these
variables, namely, land enhances the seasonal variation of cloud optical thickness
and microphysical properties, column water vapor, and rainfall. Furthermore,
land decreases the cloud effective radius, for both liquid water and ice clouds.
Different continents have different characteristics, which in turn are related to
details of their land cover, geographic location, and nearby oceanic circulation.

Scale is important in studying land impacts and climate change. Global
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scales and continental scales may have different distinguishing characteristics.
For example, the Eurasian and North American continents hold more precipi-
table water (column water vapor) than oceans in summer because land areas are
warmer than the nearby oceans, but in the global mean, the atmosphere over the
land has less water vapor than over oceans in large part because land over high
latitudes is much colder and hence contains much less water vapor.

Cloud simulation is one of the weakest parts of current GCMs, partly be-
cause of the lack of accurate knowledge of cloud dynamics, cloud microphysics,
and cloud-aerosol interactions, and partly because of the unrealistic specification
on sub-grid scale cloud features. For example, the NCAR GCM, like many other
GCMs, prescribes cloud effective radius of liquid water as 10 ym over oceans and
7-10 um over land, whereas MODIS observations show obviously spatial and
temporal variations with a maximum up to 20 um for liquid droplets over tropi-
cal ocean (cf. Figure 10). Over land, rew and rej vary with the underlying surface
and aerosol properties through cloud-aerosol interactions (cf. Figure 6). Since in
the model r¢ is used to calculate other cloud radiative properties (namely, cloud
optical thickness, single scattering albedo, asymmetry factor, and cloud effective
emissivity), any error in the prescribed re may propagate into the model’s cloud
properties and may further propagate into surface temperature and rainfall
simulations. Therefore, realistic cloud droplet size is very important in model
cloud parameterization.

Accurate cloud, water vapor, and rainfall simulations in climate models re-
quire knowledge of land-atmosphere interactions, the basic feature that deter-
mines the global water and energy transport. Current GCMs need observations
to validate and improve the models. For example, Figure 20 shows the NCEP
reanalysis simulated column water vapor, which is evidently different from

MODIS observations (cf. Figure 14b) in both the relative pattern and in quantita-
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tive values. MODIS shows the peaks and minimums, namely the seasonal varia-
tions, for water vapor for Eurasia and North America at continental scale are
quite similar, whereas NCEP shows a difference of up to 40% for the two conti-
nents (namely 1.0 vs. 1.4 cm in January). In addition, MODIS shows land in-
creases the peaks and decreases the minima, but NCEP shows land and ocean
having similar peak values and time of occurrence. This example suggests the
importance of using satellite observations to validate and improve GCMs to im-
prove their simulation of the climate system.

Unfortunately, a clear gap exists between remote sensing observations and
climate model requirements, partly because limited resources hinder in depth
analysis of the rich information content that MODIS, TRMM, and other observa-
tions contain, and partly because of the mismatch in the remote sensing and
modeling communities. One example for the latter is resolution—MODIS can
give 1 km spatial resolution observations while model grids are typically about
100 km. How to scale up high-resolution data meaningfully for GCM use is a
challenging task. Only collaboration between remote sensing experts and mod-
elers can fill this gap and make more effective use of satellite observations in
GCMs.

Although remote sensing data by themselves are extremely valuable, their
uncertainty requires special attention in using these data in climate studies or for
improving GCMs. Like any other measurements, MODIS observations have re-
ported uncertainties, for example, instantaneous errors of column water vapor
over a 1.5 year time period are accurate to an rms error of about 4.1 mm when
compared to collocated ground-based microwave radiometer observations (See-
mann et al. 2003), and ice effective radius is accurate to about 1.5 um for optically
thin cirrus clouds when compared to collocated ground-based millimeter cloud

radar observations (Mace et al. 2005). It is important for the users to realize that
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using data to study the patterns and differences, namely, seasonal, diurnal and
interannual variations, rather than absolute values, will make the final result less

affected by the uncertainty in the observations.
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FIGURE LEGENDS

Figure1:  Averaged cloud optical thickness at various spatial scales, from
global, Northern Hemisphere, North America Continent, to regional
scale (US East coast), and to local scale (New York City). The time pe-
riod is from April 2000 — December 2005. The observations are from
MODIS Terra.

Figure2. Monthly mean cloud optical thickness from April 2000-July 2006.

Figure 3. Monthly mean cloud optical thickness as a function of time (a) for
global land and ocean, and (b) for North America, Eurasia, and the
Northern Hemisphere.

Figure4. Zonal mean cloud optical thickness as a function of time for land and
ocean regimes. In the legend, “Global Land” and “Global Ocean”
means zonal averages for land and ocean for the specific latitude
bands, respectively.

Figure5: (a) Global averaged probability density function for cloud optical
thickness for July 2005; and (b) Same as (a) except for Northern
Hemisphere.

Figure 6. Temporal variations of PDF for cloud optical thickness for Julys of
2000-2004, (a) global land and (b) global ocean, respectively.

Figure 7. Monthly mean stand deviation of cloud optical thickness for 1° x 1°
grid cells on July 2004 for (a) liquid water clouds and (b) ice clouds.

Figure8. MODIS observed cloud fraction. (a) is cloud fraction for January
2004, (b) is cloud fraction for July 2004, and (c) is the PDF of cloud
fraction for global land and global ocean for averaged Julys of 2000-
2005.

Figure 9. Zonal average for cloud fraction over (a) ocean and (b) land.

Figure 10. Monthly mean cloud effective radius for (a) liquid water clouds and
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(b) ice clouds from April 2000-July 2004.

Monthly mean cloud effective radius as a function of time for (a) lig-
uid water clouds and (b) ice clouds.

Monthly mean cirrus fraction from April 2000-July 2004.

Monthly mean cirrus fraction as a function of time for North Amer-
ica, Eurasia, and the Northern Hemisphere.

Monthly mean precipitable water as a function of time (a) for global
land and ocean, and (b) for North America, Eurasia, and the North-
ern Hemisphere ocean.

Monthly mean precipitable water for (a) January 2004 and (b) July
2004, and (c) probability density function of precipitable water for all
Julys from 2000-2005.

Accumulated rainfall measured from TRMM for (a) January 2004 and
(b) July 2003.

Monthly rainfall for the Northern Hemisphere, North America, and
Eurasia. Data are based on GPCP analysis.

EOF reanalysis on 5-year (April 2000 — April 2005) monthly
Terra/MODIS measurement for cloud optical thickness. (a) is the
first principal component (EOF1); (b) is the second principal compo-
nent (EOF2). The explained variance for each component is given at
the left of each panel. The extremely small values poleward of 60°N
and 60°S and the box-outlined regions over Africa are missing value-
s.

PDF of cloud optical thickness for different land cover. (a) is PDF av-
eraged over all BET tropical forests and (b) is averaged over global
crop regions.

NCEP reanalysis simulated precipitable water vapor for North
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America, Eurasia, and the North Hemisphere.
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Figure1: Averaged cloud optical thickness at various spatial scales, from
global, Northern Hemisphere, North America Continent, to regional
scale (US East coast), and to local scale (New York City). The time pe-
riod is from April 2000 — December 2005. The observations are from
MODIS Terra.
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Figure 2. Monthly mean cloud optical thickness from April 2000-July 2006.
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global land and ocean, and (b) for North America, Eurasia, and the
Northern Hemisphere.



JIN AND KING: LAND-SEA CONTRASTS AT CONTINENTAL SCALES

Land

Impacts on Cloud Optical

Thickness,

31

O~10N, MODIS

=3

© Global Land

Global Ocean

JUL JAN JuL JAN JuL JAN JuL JAN Juo
2000 2001 2002 2003 2004
Land Impacts on Cloud Optical Thickness, 10~20N, MODIS
15 o © Global Land
Global Ocean
14 4
13
124
.
b
=
NS
s JUL JAN JuL JAN JuL JAN JuL JAN JuL
2000 2001 2002 2003 2004
Land Impacts on Cloud Optical Thickness, 20~30N, MODIS
is o> © Global Land
Global Ocean
144
1
/|
i
il
1
i
g
&
7
&
s JUL JAN JuL JAN JuL JAN JuL JAN JuL
2000 2001 2002 2003 2004



JIN AND KING: LAND-SEA CONTRASTS AT CONTINENTAL SCALES 32

Land Impacts on Cloud QOptical Thickness, 30~40N, MGODIS

2c
== Clobal Land
18 ® ——e Clobal Ocs=an
18
17 -
JUL JAMN JuUL JAN JuL JAN JuUL JAN JuL
2000 zZco1 2002 2003 2004
Land Impacts on Cloud Optical Thickness, 40~50N, MODIS
20 (=2 © Global Land
®——» Global Ocean
19
] [ ™~ ;
18 hd | E
: i\ . | 'Q \\
17 ’ 'f.. S \
% \ n.g 1 - f,‘
16 X - { . R
[ 1 4\
- » \ /A
p £ e ;oY
15 | 1
I‘ |
¢ | 'S
14 \ 7 I
i I oA
/ | -
/ |
13 \ 4 - \
12 < b
11
10
JOL JAN 0L JAN 0L JAN J0L JuL
2000 2001 2002 2003 2004
Land Impacts on Cloud Optical Thickness, 50~60N, MODIS
30 : (<2 © Global Fchd
e = Global Ocean
28
T T
26 | il
] I\
[ Y 1
24 \ N - )
[\ | ™, .
| 1 \ {y .
\ /
22 | | Vo
i * \ / | i |
i1 T \ T T |
20 f l \ 1, /
|/ f | {
T { gl K /i 1' / *
8 | f
! i d <\ & ! >
‘ = T \ N/
16 - S s
\ A “ 7 3 ©
. \V4 \
14 . ¥ \
\‘ \
-
12 L
e JUL JAN JuL JAN JuL JAN JuL JAN Juo
2000 2001 2002 2003 2004
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Figure 6. Temporal variations of PDF for cloud optical thickness for Julys of
2000-2004, (a) global land and (b) global ocean, respectively.
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Figure 7. Monthly mean stand deviation of cloud optical thickness for 1° x 1°
grid cells on July 2004 for (a) liquid water clouds and (b) ice clouds.
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Figure8. MODIS observed cloud fraction. (a) is cloud fraction for January
2004, (b) is cloud fraction for July 2004, and (c) is the PDF of cloud
fraction for global land and global ocean for averaged Julys of 2000-
2005.
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Figure 10. Monthly mean cloud effective radius for (a) liquid water clouds and
(b) ice clouds from April 2000-July 2003.
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Figure 12. Monthly mean cirrus fraction from April 2000-July 2003.
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Figure 14: Monthly mean precipitable water as a function of time (a) for global
Hemisphere ocean.

2004 L
land and ocean, and (b) for North America, Eurasia, and the Northern

44



JIN AND KING: LAND-SEA CONTRASTS AT CONTINENTAL SCALES 45



JIN AND KING: LAND-SEA CONTRASTS AT CONTINENTAL SCALES 46

Percentage Histogram
o3r————r1r ~ ~* ~T1 ~r - 1 1

] Global Land
Global Ocean

0.2 -

Probability Density Function

T | 2 3 4 5

Total Column Water Vapor (cm)

Figure 15: Monthly mean precipitable water for (a) January 2004 and (b) July
2004, and (c) probability density function of precipitable water for all
Julys from 2000-2005.
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Figure 16. Accumulated rainfall measured from TRMM for (a) January 2004 and
(b) July 2003.
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Figure 17. Monthly rainfall for the Northern Hemisphere, North America, and
Eurasia. Data are based on GPCP analysis.
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Figure 18. EOF reanalysis on 5-year ((April 2000 — April 2005) monthly
Terra/MODIS measurement for cloud optical thickness. (a) is the
first principal component (EOF1); and (b) is the second principal
component (EOF2). The explained variance for each component is
given at the left of each panel. The extremely small values poleward
of 60°N and 60°S and the box-outlined regions over Africa are miss-
ing values.
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Figure 19. PDF of cloud optical thickness for different land cover. (a) is PDF av-
eraged over all BET tropical forests and (b) is averaged over global
crop regions.
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Figure 20. NCEP reanalysis simulated precipitable water vapor for North Amer-
ica, Eurasia, and the North Hemisphere.





